The hemolytic ability, the presence of cyl genes, and the diagnostic accuracy of cytolysin molecular detection were investigated in the genus Enterococcus by using 164 strains from 20 different species (26 reference strains, 42 clinical isolates from human and veterinary origin, and 96 isolates from ewe cheese and milk). Hemolysis was assayed with sheep and horse erythrocytes and under aerobic or anaerobic conditions. Screening of cytolysin genes (cylL L , cylL S , cylM, cylB, and cylA) was performed with new specific primers and the anaerobic assay of beta-hemolysis was used as the "gold standard" for the evaluation of cyl gene-based PCRs. Since beta-hemolysis and cyl genes were found in 10 and 14 species, respectively, the hemolytic ability seems to be spread throughout the genus Enterococcus. Beta-hemolysis was observed in 6 of 26 (23%) reference strains, 14 of 42 (33%) clinical isolates, and 6 of 96 (6%) food isolates. The presence of cyl genes was detected in 15 of 26 (58%) reference strains, 37 of 42 (88%) clinical isolates, and 67 of 96 (70%) food isolates. These data indicate a virulence potential in food isolates, reinforcing the need of their safety assessment. Analysis of phenotypicgenotypic congruence suggests a divergent sequence evolution of cyl genes and the effect of environmental factors in the regulation of cytolysin expression. Evaluation of the diagnostic accuracy of cytolysin molecular detection points to cylL L -based PCR and cylL L L S MBA-based PCR as the most reliable approaches. Nevertheless, the low sensitivity (46%) and gene variability indicated by our study strongly recommend the phenotypic assay for the assessment of hemolytic ability in enterococci, followed by the molecular screening of cyl genes in nonhemolytic strains to evaluate their virulence potential.
Enterococci are gram-positive bacteria that belong to the normal gastrointestinal flora of mammals and other warmblooded animals; they can also be found in soil, on plants, in water, and in several food products, such as a variety of cheeses, especially artisanal ones (1, 11, 17, 30, 33, 39) .
The natural ability of enterococci to acquire, accumulate, and share extrachromosomal elements encoding virulence traits or antibiotic resistance genes in part explains their increasing importance as nosocomial pathogens (2, 7, 12, 20, 23, 41, 42, 46) and the major concerns regarding their use in food products and probiotics (9, 11) . In fact, enterococci are a frequent cause of a wide variety of infection in humans, especially in the last two decades. Enterococcus faecalis causes 80 to 90% of human enterococcal infections, and E. faecium accounts for the majority of the remainder. Other enterococcal species, including E. avium, E. casseliflavus, E. durans, E. gallinarum, E. gilvus, E. hirae, E. malodoratus, E. mundtii, E. pallens, E. raffinosus, and E. solitarius, are infrequent causes of human infection (29, 30, 31, 34, 37, 44) .
Despite the identification and extensive study of virulence mechanisms in E. faecalis (15) , screening of virulence determinants in other enterococcal species was only performed in E. faecium and E. durans (9, 11, 15, 29, 34) . Many putative enterococcal virulence factors reside on highly conserved conjugative pheromone-responsive plasmids, such as the hemolysin-encoding plasmid pAD1 (3, 16, 18, 24, 27, 29) , although a pathogenicity island harboring several virulence determinants was recently found in vancomycin-resistant strains of E. faecalis (38) .
Hemolysin is more commonly referred to as cytolysin because of its broad target cell range that includes both eukaryotic and prokaryotic cells. Until nowadays cytolysin is still one of the most studied virulence traits attributed to this genus (11, 29, 30, 34) . The production of cytolysin has been demonstrated to contribute to the severity of enterococcal disease in a number of animal models (8, 14, 25, 28) , as well as in humans (21, 22, 26) . These studies demonstrated that as many as 60% of E. faecalis strains isolated from sites of infection produce cytolysin. The cytolysin has been shown to lower the 50% lethal dose in an intraperitoneal mouse model and to contribute to toxicity in experimental endocarditis and endophthalmitis (8, 25, 28) . In addition, it is associated with a fivefold-increased risk of acutely terminal outcome in patients with enterococcal bacteremia (22) .
Nucleotide sequence determination of the E. faecalis cytolysin operon revealed a complex determinant encoding five gene products that are necessary and sufficient for cytolysin production. The model for cytolysin expression, maturation, secretion, and activation includes two cytolysin structural subunits (coded by genes cylL L and cylL S ) that are posttranslationally modified intracellularly by cylM gene product and transported out of the cell by an ATP-binding cassette transporter encoded by cylB; after externalization, cytolysin precursor components are activated by cylA gene product, an extracellular activator serine protease (16, 18, 24) . A sixth gene (cylI) encodes a protein responsible for immunity of the cytolysin-producing bacteria to the cytolysin (5) . All six open reading frames are clustered (cylL L , cylL S , cylM, cylB, cylA, and cylI) and arranged in the same orientation. The regulation of cytolysin expression was recently described (19) , and the studies demonstrated that the products of two other genes, cylR1 and cylR2, are implicated in repressing the transcription of cytolysin genes by a new type of quorum-sensing mechanism.
In the present study we investigated the hemolytic and cytolytic ability in the genus Enterococcus by phenotypic and molecular approaches, using type strains and clinical (from human and veterinary origins) and food isolates. Hemolysis was assayed with sheep and horse erythrocytes and under both aerobic and anaerobic conditions. The strains were also screened for the presence of cytolysin genes (cylL L , cylL S , cylM, cylB, and cylA) in order to evaluate the conservation of this operon among enterococcal species. Another purpose of the present study was to evaluate the accuracy of molecular methods for the screening of cytolysin-producing strains.
MATERIALS AND METHODS

Microorganisms.
A total of 164 enterococci were used in the present study. Ninety-six strains were isolated from ewes' cheese and milk from four Portuguese Registered Designation of Origin areas, as described previously (33) . Thirty-one isolates were obtained from several Portuguese hospitals; all of them were referred as human infecting strains collected over a ca. 10-year period and with any known epidemiological relationship. Eleven isolates, obtained from Lisbon Veterinarian Faculty, were reported as dog-infecting strains. When phenotypic and molecular methods (6, 33, 35) The species E. villorum (45) , E. haemoperoxidus and E. moraviensis (40) , E. porcinus and E. ratti (43) , and E. pallens and E. gilvus (44) were not included in the study, since they have been proposed and accepted as new species more recently.
Assay of hemolytic activity. The production of hemolysin was determined, according to the method of Lányí (32) , by streaking bacterial cultures, grown overnight at 37°C in brain heart infusion agar (Oxoid), on Columbia agar plates supplemented with 5% of sheep or horse blood (bioMérieux). Plates were incubated at 37°C for 72 h either in aerobic or anaerobic conditions, after which the plates were examined for hemolysis. The presence or absence of zones of clearing around the colonies were interpreted as beta-hemolysis (positive) or gammahemolysis (negative) activity, respectively. When observed, greenish zones around the colonies were interpreted as alpha-hemolysis and taken as negative for the assessment of beta-hemolytic activity.
DNA preparation. Strains were cultured overnight at 37°C in 20 ml of brain heart infusion broth (Oxoid) and then harvested by centrifugation at 10,000 ϫ g at 4°C. Total DNA was extracted by the guanidium thiocyanate method (36) .
PCR amplification of the cyl operon genes. The oligonucleotide primers used in the present study are listed in Table 1 and were purchased from Life Technologies (England). Primers were originally developed on the basis of GenBank nucleotide sequence for the E. faecalis cytolysin operon (accession no. L37110). PCR amplifications were performed in a Thermo RoboCycler (Stratagene, La Jolla, Calif.) in 0.2-ml reaction tubes with mixtures (25 l each) with Life Technologies PCR buffer (pH 8.4; 2.5 mmol of MgCl 2 liter Ϫ1 ), 0.1 mmol of deoxynucleoside triphosphates (Life Technologies) liter Ϫ1 , 0.5 mol of each primer liter Ϫ1 , 2 U of Taq DNA polymerase (Life Technologies), and 250 ng of enterococcal DNA. Thermocycler reactions were as follows: initial cycle of 94°C for 3 min, 35 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min, a final extension step of 72°C for 7 min, and thereafter cooled to 4°C. A 5-l aliquot of the amplification mixture was combined with 2 l of loading buffer, and the preparation was electrophoresed on 1% (wt/vol) agarose gel at 90 V for 2 h.
Confirmation of primer specificity and identity of amplified products was performed by sequencing amplicons obtained from E. faecalis DS16, a positive control strain harboring plasmid pAD1 that encodes the cytolysin operon (16) , and by restriction analysis of amplicons from selected strains (data not shown).
Data analysis. The chi-square analysis of contingency tables (47) was used to test the statistical independence between blood agar media and incubation conditions in hemolytic assays, as well as among the occurrence of cyl genes, betahemolysis, and the origin and species allocation of isolates. When appropriate, odds ratios (ORs) and 95% confidence intervals (CIs) were also calculated (13) . The sensitivity, specificity, and predictive values of phenotypic and molecular diagnostic approaches of hemolytic potential in enterococci were also assessed (4). The anaerobic assay of beta-hemolytic activity was used as the "gold standard" for the diagnostic accuracy of cyl gene-based PCR detection of cytolysinproducing strains.
RESULTS
Hemolytic activity. A set of 59 strains, including all reference strains (except type strains of E. asini and E. columbae) and 35 cheese and milk isolates randomly selected, was used to compare the hemolytic activity on sheep and horse blood plates incubated in aerobiosis. Although the incidence of beta-hemolysis was quite similar on horse blood (13 of 59; 22%) and on sheep blood (10 of 59; 17%), no equivalence was found for 
both media (P Ͼ 0.75 by chi-square test; OR, 0.86; 95% CI, 0.16 to 4.67) since only two strains produced matching betahemolytic results. Since 90% of the beta-hemolytic strains on sheep blood were isolates from ewe's cheese and milk and the positive control strain harboring plasmid pAD1 was only hemolytic on horse blood, this last medium was then selected for assaying beta-hemolysis on the whole set of 164 strains, in both aerobic and anaerobic conditions ( Table 2 ). The prevalence of beta-hemolysis was estimated to be 26 of 164 (16%) with anaerobic incubation and 23 of 164 (14%) in aerobic conditions, and a total of 90% matching results were obtained, showing a highly significant association between both assays (P Ͻ 0.001 by chi-square test; OR, 29.94; 95% CI, 10.0 to 89.64).
When hemolysis was tested in aerobic conditions, 10 of 23 (43%) of the beta-hemolytic strains were determined to be members of the species E. faecalis (6 human clinical isolates, 2 cheese isolates, and strains CECT 187 and DS16, both harboring plasmid pAD1). Members of other enterococcal species, such as type strains of E. avium, E. casseliflavus, E. cecorum, E. durans, E. flavescens, E. gallinarum, E. malodoratus, and E. raffinosus, were also found to be beta-hemolytic under these conditions. Of the remaining beta-hemolytic isolates, two were cheese isolates identified as E. durans and E. casseliflavus, respectively, and three were unidentified (one from cheese and two with human medical origin).
For hemolysis on anaerobiosis, results show that 14 of 26 (54%) of the beta-hemolytic strains belong to the species E. faecalis: 8 clinical isolates, 4 food isolates, and strains CECT 187 and DS16. Strains belonging to the species E. avium (DSMZ 20679 T ), E. casseliflavus (DSMZ 20680 T ), E. durans (DSMZ 20633 T and one milk isolate), E. faecium (three clinical isolates, two from human and one from veterinary origin), and E. raffinosus (DSMZ 5633 T ) also produced beta-hemolysis. In spite of the highest prevalence of beta-hemolysis in E. faecalis, no significant association (P Ͼ 0.10 by chi-square test; OR, 1.61; 95% CI, 0.69 to 3.73) was found between hemolytic ability and allocation of isolates to this species.
When food isolates are compared with the group formed by clinical and reference strains, it becomes evident the lower prevalence (6 of 96 [6%]) of the anaerobic beta-hemolytic phenotype among food isolates in contrast to 14 of 42 (33%) Among the beta-hemolytic discrepant strains found both in anaerobiosis (10 strains) and in aerobiosis (7 strains), all discrepant clinical isolates (4 of human origin and 2 of veterinary origin) and 4 food isolates were negative in aerobiosis, whereas the 4 discrepant type strains (E. cecorum, E. flavescens, E. gallinarum, and E. malodoratus) and 3 food isolates were negative in anaerobiosis.
When both assays were compared, the occurrence of alphahemolysis was only observed in aerobiosis and for all groups of strains (38 of 141, 27% of the negative results). If we assume the anaerobic assay as the gold standard, the sensitivity and the predictive value of the positive test for the aerobic assay were 62 and 70%, respectively, whereas the specificity and the predictive value of the negative test were 95 and 93%.
Molecular screening of cyl operon. PCR amplification of the cytolysin genes cylL L , cylL S , cylM, cylB, and cylA was used to screen the cytolysin operon on reference strains and enterococcal isolates from clinical and food origins. Our set of primers generated two-to fourfold larger products for cylM, cylB, and cylA and, in the case of cylL L and cylL S , were mainly directed to intergenic flanking sequences. Sequence analysis of amplicons from positive control strain DS16 and restriction analysis of products obtained from selected isolates and type strains confirmed the specificity of this new set of primers. As illustrated in Fig. 1 , amplicons from each gene showed the expected size indicated in Table 1 , except for one nonhemolytic clinical isolate, for which cylB seemed to contain an insertion with ca. 1 kb.
If we take into account the number of cyl genes detected by PCR, the 164 enterococci analyzed could be divided into three sets (Table 2 ): 14 (9%) containing the whole cyl operon, 105 (64%) with one to four cytolysin genes, and 45 (27%) without cyl genes.
Among the 119 cyl-harboring strains, a total of 14 cyl genotypes were detected ( 0  11  2  3  1  28  45 a ␤ϩ, Beta-hemolytic in anaerobic conditions; ␤Ϫ, no hemolytic activity in anaerobic conditions. detection of cyl operon, a stepwise procedure based on contingency tables was applied. Taking into account the three sets of strains defined by cyl detection (whole cyl operon, one to four cyl genes, and cyl negative), the occurrence of beta-hemolysis was cross-analyzed and revealed a highly significant association (P Ͻ 0.001 by chi-square test; OR, 58.28; 95% CI, 11.83 to 287.21) of beta-hemolysis with the whole cyl operon, since 148 of 164 (90%) of the strains were congruent at phenotypic and genotypic levels: 12 of 164 (7%) beta-hemolytic and cylL L L S MBA ϩ genes, 94 of 164 (57%) nonhemolytic and at least without one cyl gene, and 42 of 164 (26%) nonhemolytic and cyl negative. When the occurrence of beta-hemolysis was successively cross-analyzed by using distinct partitions of the universe of strains, significant associations (P Ͻ 0.05 by chisquare test) were always obtained between beta-hemolysis and the presence of cylL L and/or cylL S (OR, 9.00; 95% CI, 3 In view of the significant associations found between horse blood beta-hemolysis in anaerobiosis and the occurrence of cyl genes, the diagnostic potential of molecular detection of cytolysin-producing strains was assessed by using beta-hemolysis as the gold standard. Besides detection based on a sole cyl gene, diagnostic procedures relying on detection of two to five genes were also analyzed. As shown in Table 4 , the highest sensitivity (and so the lowest false-negative rate) was observed for cyl genes involved in the maturation, excretion, and activation of cytolysin (cylM, cylB, and cylA), whereas the highest specificity (and lowest false-positive rate) was related to genes coding for cytolysin structural subunits (cylL L and cylL S ). Regarding prediction ability, high similar predictive values were obtained in all methods for the negative test, whereas a high range of variation in predictive values was found for the positive test. Diagnosis based on the parallel detection of the five cyl genes showed the highest specificity and predictive values, associated with the lowest sensitivity, and seemed well correlated with cylL L -based PCR.
When a subset analysis was performed with only E. faecalis strains (data not shown), similar conclusions were obtained. A general increase in sensitivity, specificity, and predictive values was observed, owing to the reduction of false negatives and false positives, with specificity and predictive value of the positive test attaining 100% for the parallel detection of the five cyl genes.
DISCUSSION
Enterococci are opportunistic pathogenic bacteria known to be responsible for severe illness and, among virulence factors, the production of cytolysin was shown to contribute to the severity of enterococcal infection. The use of enterococci in foods and probiotics and the increasing report of other enterococcal species associated with disease, beyond E. faecalis and E. faecium, led us to investigate the hemolytic activity and the presence of cytolysin genes (cylL L , cylL S , cylM, cylB, and cylA) in a broader range of enterococci, by using clinical (from hu- Although primers for amplification of cylM, cylB, and cylA have already been described by Eaton and Gasson (9) , no primers for cylL L and cylL S were defined by these authors due to extensive sequence homology between both genes. Taking this in account and in order to obtain larger PCR fragments suitable for confirmatory restriction analysis, we defined new specific primers in the present study for the amplification of cyl genes by using the GenBank available sequence of cytolysin operon (16) .
Hemolysin production is recognized by the development of clearing around colonies on certain blood agar media. Erythrocytes from various species were found to exhibit different levels of susceptibility to hemolysin-mediated lysis, since rabbit, human, and horse red blood cells were observed to be sensitive, whereas sheep and goose red blood cells were less susceptible or completely refractory (18, 29, 34) . The selectivity of sheep erythrocytes regarding hemolysins was confirmed in our assays since only isolates from ewes' milk and cheese and the type strain of E. durans (isolated from dried milk) were hemolytic in sheep blood agar. Furthermore, a proportion of 32% of the tested strains showed discrepant results in horse and sheep blood agar. The occurrence of hemolysins with different affinity should then be taken in account when the virulence of enterococci is assayed in human and veterinary clinics.
The enterococci were also tested for the production of hemolysin in horse blood agar under aerobic and anaerobic conditions. The use of anaerobic conditions reflects our attempt to prevent oxidation and consequent lysis of the erythrocytes due to factors other than the production of enterococcal hemolysin. The high level of agreement observed for both conditions seemed indicative of a low rate of nonspecific aerobic lysis, since only 4% of the isolates were beta-hemolytic only in aerobiosis. However, a higher rate (6%) of isolates was unexpectedly beta-hemolytic only in anaerobiosis. When these discrepant strains were genotypically analyzed, the cyl negative, cylBA ϩ , and cylMBA ϩ genotypes were found in both groups, and one cheese isolate negative only in anaerobiosis carried the five genes (cylL L L S MBA ϩ ). Considering that a negative cyl gene-targeted PCR may result from sequence divergence at priming sites, these findings raised questions about cyl gene variability and inorganic environmental factors on the control of the expression of cyl genes. In fact, although two regulatory genes cylR1 and cylR2 have been described as associated with the transcription control of cytolysin operon by a quorumsensing mechanism (19) , no data are yet available about other regulatory factors acting on cyl operon or cylR genes.
The occurrence of a relatively high rate of alpha-hemolysis in aerobiosis and the fact that all discrepant clinical isolates were negative in this condition also suggest that hemolytic assays performed in anaerobiosis could be more reliable when enterococcal virulence and risk associated to human health are being assessed.
Analysis of beta-hemolytic behavior among enterococcal species showed a higher prevalence in E. faecalis and E. faecium, a result that correlates well with the leading role of these species as causes of enterococcal infections (29, 30, 34) . Nevertheless, the absence of significant association between hemolytic ability and species allocation of isolates points to the occurrence of this property in the genus Enterococcus, the higher prevalence found for E. faecalis and E. faecium being explained by sample size effects. Supporting evidence was also obtained by the equivalent frequencies of cyl ϩ genotype found in the enterococcal species analyzed in the present study.
One of our most important findings was the presence of cyl genes in species other than E. faecalis, namely, E. avium, E. casseliflavus, E. cecorum, E. durans, E. faecium, E. flavescens, E. gallinarum, E. hirae, E. malodoratus, E. raffinosus, E. saccharolyticus, E. solitarius, and L. garvieae (formerly E. seriolicida). The type strain of E. raffinosus (DSMZ 5633) carries all of the cyl genes and is beta-hemolytic under both anaerobic and aerobic conditions. For the type strains of E. avium, E. casseliflavus, and E. durans, all of which are beta-hemolytic in aerobic or anaerobic conditions, only some cyl genes were detected by PCR, suggesting divergent evolution of the gene sequences that prevented PCR amplification with the selected primer set. Absence of amplification was also observed for some cyl genes in the remaining species, all of which are nonhemolytic in anaerobiosis. These virulence determinants have not previously been described for these species. In fact, the majority of the studies on enterococcal virulence performed thus far have focused on E. faecalis and E. faecium and analyzed preferably clinical isolates. Recent studies on the incidence of several virulence factors in starter, food, and medical isolates representing the species E. faecalis, E. faecium, and E. durans (9) revealed that all of the E. faecium and E. durans were clear of cylMBA, a finding that may be related to the use of distinct primers and strains. Since some of the species referred to above have already been reported, although rarely, as causes of human infection (29, 30, 31, 37) , the evidence for the presence of cytolysin determinants may be one of the explanations for such pathogenic behavior and recommends the inclusion of these species in future enterococcal virulence studies.
When clinical and food isolates were compared, a significantly higher prevalence of beta-hemolysis and cyl ϩ genotype was found in clinical isolates, supporting the results of previous studies (10, 11, 26) and seeming to be independent of the fact that E. faecalis isolates represent a high proportion of the strains under study (62% of clinical isolates and 38% of the remainder). However, the high frequency of cyl genes observed in food isolates (70%) points to their virulence potential and to the need of safety evaluation as stated before (9) .
Analysis of congruence between blood agar hemolysis and detection of cyl genes revealed significant associations of betahemolysis with the presence of the complete cyl operon and also with the presence of at least one cyl determinant, strongly suggesting that all beta-hemolytic strains must have the whole set of cyl genes, the negative amplifications being probably related to gene variability. The higher phenotypic-genotypic congruence observed for cylL L and cylL S (ca. 90%) relative to cylM, cylB, and cylA (40 to 60%) associated with the higher frequencies of these last three genes in nonhemolytic strains suggests that higher levels of sequence divergence should exist in the genes coding for the structural subunits of the cytolysin, both preventing amplification and affecting their function. Nevertheless, further studies with degenerated primers or hybridization methods should be used to confirm the presence or absence of these genes.
Hemolytic activity could not be detected in two isolates (one E. durans and one unidentified at species level) in spite of the presence of all cyl genes. This lack of hemolytic activity may be explained by low levels or downregulation of gene expression or by an inactive gene product (9) .
Another goal of the present study was to evaluate the diagnostic potential of molecular detection of cytolysin-producing strains. Although cylL L -based PCR and cylL L L S MBA-based PCR seemed to be the most reliable of all approaches, the low sensitivity (46%) and the gene variability indicated by our study strongly recommend the use of the phenotypic assay for the assessment of hemolytic ability in enterococci. The molecular screening of cyl genes should also be performed in nonhemolytic strains to evaluate pathogenic potential, since environmental factors may be involved in the control of cytolysin expression.
We identified both expressed and silent cyl genes in food, clinical, and reference strains. These determinants, which seem to be widespread through very different environments and in Enterococcus species not reported till now, may be determinant for the evolution of pathogenic enterococci. Such findings, associated with the natural ability of enterococci to acquire, accumulate, and share extrachromosomal elements within their genus and with other bacteria, require further studies involving species other than E. faecalis, to correctly evaluate the evolution of pathogenicity within this genus and the consequent risk for human health.
